Background: Schizophrenia is a debilitating psychiatric disorder characterized by molecular and anatomical abnormalities of multiple brain regions. Our recent study showed that dysbiosis of the gut microbiota contributes to the onset of schizophrenia-relevant behaviors, but the underlying mechanisms remain largely unknown.
Introduction
Schizophrenia is a chronic neurodevelopmental disorder characterized by abnormal mental activities such as impaired cognition, emotion and intention. 1 It places a large economic burden on health systems, families and society. 2 Increasing lines of evidence have suggested that social, environmental and genetic factors are implicated in the onset of this disease. 3, 4 Several classical theories, such as neurotransmitter alterations, gene loci and epigenetic abnormalities and dysregulation of inflammation, have attempted to explain the pathogenesis of schizophrenia. [5] [6] [7] [8] However, its underlying mechanisms remain largely unknown.
The gut microbiota is a large ecosystem that inhabits in the human intestine. 9, 10 Many studies have shown that the gut microbiota can modulate brain functions and behaviors through the microbiota-gut-brain axis. [11] [12] [13] [14] Clinical research has reported that schizophrenia is correlated with anatomical abnormalities of the gastrointestinal system. 15 Moreover, our previous study showed that the gut microbial composition was significantly altered in schizophrenia patients relative to healthy controls, and dysbiosis of the gut microbiota contributed to the onset of schizophrenia-relevant behaviors through moudlation of the hippocampal glutamate-glutamine-GABA cycle. 16 However, how the gut microbiota systematically shapes brain metabolic signatures remains unclear.
Abnormalities of neural circuits have been widely recognized as a hallmark of schizophrenia. [17] [18] [19] Previous research demonstrated that brain regions such as the hippocampus, cortex and striatum are involved in the pathophysiology of schizophrenia. 20, 21 Additionally, clinical investigations have also shown that the cerebellum is associated with imparied cognition and emotion in schizophrenia patients. [22] [23] [24] In this study, two metabolomics approaches, gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS), were combined to analyze the metabolic changes of three brain regions (cortex, cerebellum and striatumin) of schizophrenia microbiota and healthy microbiota recipient mice. Moreover, we mapped these differential metabolites to their respective biochemical pathways and further performed intersection metabolic analysis to determine how dysbiosis of the gut microbiota paticipates in the onset of schizophrenia.
Materials And Methods

Animals And Sample Collection
This animal study was approved by the Ethics Committee of Army Medical University (China) and Chongqing Medical University (2011002). All experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The details of our workflow are shown in Figure 1 . The samples were derived from our previous research. 16 The model was constructed by orally transplanting a liquid fecal suspension into germ-free mice. Briefly, the fecal microbiota transplantation (FMT) experiment was conducted by obtaining 0.2 g of feces from schizophrenia patients (n=5) or healthy individuals (n=5). These fecal samples were mixed with 3 mL of reduced sterile phosphate-buffered saline to obtain a suspension. Then, each mouse was randomly administered 200 μl of the fecal suspension by gavage in a flexible-film gnotobiotic isolator. Behavioral tests including open-field, sociability and social novelty preference, prepulse inhibition, Y-maze and forced swimming tests were performed after 14 days of colonization. Consequently, we found that the germ-free mice that received schizophrenia microbiota transplants displayed schizophrenia-relevant behaviors relative to healthy microbiota recipient mice. All mice were sacrificed after the behavioral tests, and cortex, cerebellum and striatum tissues were collected and stored at −80°C until metabolite detection.
Gas Chromatography-Mass Spectrometry
GC-MS metabolomics analysis was used to characterize the metabolic signatures of cortex, cerebellum and striatum tissues obtained from schizophrenia microbiota (n=8) and healthy microbiota recipient mice (n=8). Briefly, tissue samples (30 mg) were placed in an Eppendorf tube (1.5 mL) with 20 µl of an internal standard (0.006 mg of L-2-chloro-phenylalanine and 20 µl of methanol) and 600 μl of a mixture containing 480 μl of methanol and 120 μl of water. The samples were extracted by ultrasonication for 600 s after homogenization and centrifuged at 4°C and 10,000 g for 900 s to obtain the dried extracts used for derivatization. Quality control (QC) samples were obtained by mixing all tissue samples and were analyzed using the same method used for the other samples. Every eighth QC sample was injected to assess the repeatability of the experiment. The tissue samples were analyzed by a gas chromatography system coupled to an MSD system (Agilent, CA). The derivative samples were separated using an HP-5MS capillary column made of fused silica. Highly purified helium with a steady speed of 6.0 mL/min was used as the carrier gas. The temperature of the injection port was kept at 280°C. ChromaTOF software was used to analyze the GC-MS data. Then, the Fiehn database was used to quantify the metabolites. Partial least-squares discriminant analysis (PLS-DA) was performed to visually discriminate the samples from schizophrenia microbiota and healthy microbiota recipient mice using SIMCA software (version 14.0, Umetrics, Umea, Sweden). 25
Liquid Chromatography-Mass Spectrometry
Samples (15 mg) were placed in an Eppendorf tube (1.5 mL) with 20 μl of internal standard (0.006 mg of L-2chloro-phenylalanine and 20 μl of methanol) and 600 μl of a mixture containing 480 μl of methanol and 120 μl of water. The samples were placed at −80°C for 600 s and then centrifuged at 4°C and 10,000 g for 900 s after homogenization. Then, 150 μl of supernatant fluid was used for the subsequent LC-MS analysis. QC samples were obtained by mixing all tissue samples and were analyzed using the same approach used for the other samples. Every eighth QC sample was injected to assess the repeatability of the experiment. The mobile phase consisted of aqueous formic acid (0.1% (v/v) formic acid) and acetonitrile (0.1% (v/v) formic acid); the injection volume was 3.00 μl, and the flow rate was set at 0.40 mL/min. A Waters mass spectrometer (VION IMS Q-TOF) was used to collect mass spectrometric data. The source and desolvation temperatures were set to 120°C and 500°C , respectively. The desolvation gas flow was set at 900 l/ h. The range of centroid data was 50-1000 m/z. The scan time was set to 0.1 s, and the inter scan time was set to 0.02 s. The data were analyzed using Progenesis QI software before visualization. The SIMCA-P+14.0 software package was used to analyze the data set, which consisted of positive and negative data. PLS-DA was used to visualize the metabolic differences between the two groups. 26 In this study, a seven-round cross-validation was performed to avoid model overfitting. The orthogonal projections to latent structures discriminant analysis models were also validated by a 200-iteration permutation analysis. Detailed LC-MS analysis was performed according to our previously published study. 13 
Metabolic Pathway Analysis And Functional Annotation
Variables with a p value < 0.05 and a variable importance in projection (VIP) score >1.0 were considered differential variables. Metabolic annotation was performed using the LIPID MAPS system (http://www.lipidmaps.org/). Pathway enrichment analysis was carried out using the MetaboAnalyst database (https://www.metaboanalyst.ca/) and the Kyoto Encyclopedia of Genes and Genomes database (https://www. kegg.jp/). The Human Metabolome Database was also used for relevant analyses (http://www.hmdb.ca/).
Statistical Analysis
Statistical analysis was performed using SPSS 20.0 (Chicago, USA). Comparisons between two groups were performed using student's t-test. The statistical significance level was set at a p value < 0.05. Data were visualized by Cytoscape 3.7.0 and GraphPad Prism 8.0 (San Diego, California, USA).
Results
Significant Differences In Metabolic Phenotypes Between Schizophrenia Microbiota And Healthy Microbiota Recipient Mice
Previously, in an FMT experiment, we found that schizophrenia microbiota recipient mice displayed schizophrenia-relevant behaviors including hyperactivity (greater total distance in the open-field test), increased startle responses (exaggerated startle response to high-decibel tones), decreased anxiety (greater distance traveled in the center region in the open-field test) and depressive-like behaviors (decreased immobility in a forced swimming test). 16 Tissue samples, including cortex, cerebellum and striatum tissue, derived from our previous study were used. The metabolic signatures of the three brain regions were systematically compared between schizophrenia microbiota and healthy microbiota recipient mice by both GC-MS and LC-MS. The typical base peak intensity and original total ion chromatograms are shown in Figures S1 and S2, respectively. PLS-DA showed clear discrimination between the two groups ( Figure 2 ). R 2 Y and Q 2 represent variation of the cumulative model and the cumulative predicted variation, respectively. The R 2 Y and Q 2 values indicate a robust metabolic difference between the two groups. Furthermore, the 200-iteration permutation test suggested that the possibility of overfitting was avoided, confirming the reliability of these generated models. 
Classification Of The Differential Metabolites
Initially, by comparing the levels of metabolites, we identified 213, 255 and 428 significantly altered metabolites (p value < 0.05) in the cortex, cerebellum and striatum, respectively, between the two groups ( Figure 3A) . Addtionlly, the VIP score (>1.0) was further used to define the differential metabolites. Consequently, we identified a total of 499 differential metabolites between schizophrenia microbiota and healthy microbiota recipient mice in the three brain regions (VIP score > 1.0 and p value < 0.05). Additionally, 263 of the 499 metabolites were up-regulated, and the remaining metabolites were down-regulated in the schizophrenia microbiota recipient mice relative to the healthy microbiota recipient mice. The detailed data are shown in Table S1 . Functionally, the differential metabolites are involved in lipid, amino acid and carbohydrate metabolism ( Figure 3B ). Interestingly, more than half of the differential metabolites (56.1%) were lipids. Compared with healthy microbiota recipient mice, most of the metabolites in the three pathways were down-regulated in the cerebellum and striatum but up-regulated in the cortex in schizophrenia microbiota recipient mice (Table S2 ).
Intersection Metabolic Analysis Of Differential Metabolites
Intersection metabolic analysis showed that at the class level, the differential metabolites were evenly distributed in the cortex, cerebellum and striatum, suggesting that the gut microbiota broadly influences multiple brain regions in schizophrenia microbiota recipient mice ( Figure 4A ). In addition, we found that the majority of the differential metabolites were involved in lipid metabolism, especially glycerophospholipid and fatty acyl metabolism ( Figure 4B ). Compared with healthy microbiota recipient mice, glycerophospholipid and fatty acyl metabolism was mainly down-regulated in the cerebellum and Figure 3 (A) Volcano plot of metabolites. Metabolites were identified by gas chromatography-mass spectrometry and liquid chromatography-mass spectrometry in the three brain regions. The red dots (up-regulation) and blue dots (down-regulation) represent 213, 255 and 428 metabolites selected from 2415, 2373 and 2416 identified metabolites in the cortex, cerebellum and striatum, respectively (p value < 0.05). (B) Number of differential metabolites. Variables with a VIP score >1 and p value < 0.05 were considered differential variables. In total, 499 differential metabolites were identified in the cortex, cerebellum and striatum. (C) Venn diagram of differential metabolites. The numbers of altered metabolites in the three brain regions in schizophrenia microbiota recipient mice are shown. We found that 14 differential metabolites overlapped among the three brain regions.
striatum of schizophrenia microbiota recipient mice, but the changes in these metabolites were diverse in the cortex (Table S3 ). Moreover, we found that 14 differential metabolites were consistently altered in the three regions ( Figure 3C ). Most Figure 4 (A) Intersection metabolic analysis of differential metabolites at the class level. Intersection analysis was displayed by a network of nodes and lines using Cytoscape. The majority of metabolites were evenly distributed in the three regions at the class level. The size of the node represents the relative abundance of metabolites, and the lines represent the correlations between metabolites. (B) Proportion of differential metabolites of fatty acyls and glycerophospholipids in the three brain regions. GP01, Glycerophosphocholines; GP02, Glycerophosphoethanolamines; GP10, Glycerophosphates; GP04, Glycerophosphoglycerols; GP06, Glycerophosphoinositols; GP03, Glycerophosphoserines; FA01, Fatty acids and conjugates; FA08, Fatty amides; FA03, Eicosanoids; FA05, Fatty alcohols; FA06, Fatty aldehydes; FA12, Oxygenated hydrocarbons; FA07, Fatty acid esters; FA13, Fatty acyl glycosides; FA11, Hydrocarbons. of these metabolites were classified as lipids including fatty acyls, sterol lipids, glycerolipids, prenollipids, polyketides and neutral glycosphingolipids (Table S4) . Specifically, four metabolites including "3,7-Dimethyl-8.11-dioxo-2E,6E,9Edodecatrienal", '15-Deoxy-d-12.14-PGJ2ʹ, "anandamide (20: l,n-9)" and "1-(O-alpha-D-glucopyranosyl)-3-keto-(1, 27R)octacosanediol", which are fatty acyls, were consistently altered ( Figure 5 ). Together, these results indicated that disruptions in glycerophospholipid and fatty acyl metabolism are involved in the pathophysiology of schizophrenia.
Pathway Analysis Of Lipid Metabolites
As the majority of the differential metabolites were lipids, we performed a functional analysis of lipid metabolites in the three brain regions. We observed that these metabolic pathways, including glycerophospholipid, sphingolipid and arachidonic acid metabolism, were significantly altered in the schizophrenia microbiota recipient mice relative to the healthy microbiota recipient mice ( Figure 6A ). This finding also confirms that disruptions of glycerophospholipid and fatty acyl metabolism are a hallmark of schizophrenia microbiota recipient mice.
Discussion
In this study, the metabolic signatures of the cortex, cerebellum and striatum were systematically analyzed in schizophrenia microbiota and healthy microbiota recipient mice by two complementary metabolic approaches. We found that the metabolite signatures of these three regions were substaintially different between the two groups. Interestingly, we found that disruptions of glycerophospholipid and fatty acyl metabolism were mainly involved in the onset of schizophrenia-related behaviors. These findings provide a new perspective for understanding of the pathogenesis of schizophrenia ( Figure 6B ). We showed that dysbiosis of the gut microbiota could significantly affect the metabolic phenotypes of the cortex, cerebellum and striatum in schizophrenia microbiota Figure 5 Overlapping differential metabolites in the three brain regions were fatty acyls. Fatty acyl metabolites were consistently altered in the cortex, cerebellum and striatum. (n=8 subjects per group. *p<0.05; **p<0.01; ***p<0.001), LMFA06000156, "3,7-Dimethyl-8.11-dioxo-2E,6E,9E-dodecatrienal"; LMFA03110105, '15-Deoxy-d-12.14-PGJ2ʹ; LMFA08040010, "anandamide(20:l,n-9)"; LMFA13010019, "1-(O-alpha-D-glucopyranosyl)-3-keto-(1,27R)-octacosanediol". recipient mice. Consistent with these findings, previous neuroimaging studies have shown that these regions are highly correlated with the onset of schizophrenia. [27] [28] [29] [30] Additionally, at a functional level, alterations of lipid, amino acid and carbohydrate metabolism were also observed in schizophrenia microbiota recipient mice. 16 We also observed that the altered metabolites were mainly involved in lipid metabolism, and a majority of the consistently altered metabolites were involved in lipid metabolism in the three brain regions. These findings help to increase the understanding the metabolic mechanisms of schizophrenia.
In the three brain regions, we found that glycerophospholipid metabolism was down-regulated in schizophrenia microbiota recipient mice compared with healthy microbiota recipient mice. Emerging studies have demonstrated that glycerophospholipids are involved in the initiation and elongation of dendritic spines. 31, 32 Our findings suggest that dysbiosis of the gut microbiota may participate in the pathogenesis of schizophrenia by modulating the growth of dendritic spines. Consistent with our hypothesis, previous studies have observed a marked reduction in dendritic spines in human postmortem brain tissue from schizophrenia patients. 33, 34 Further studies are required to investigate how the gut microbiota modulates the genes related to dendritic spine development.
Fatty acyls are the basic building blocks of complex lipids, which play a crucial role in sustaining the physiological function of neurons. [35] [36] [37] We found that the levels of major fatty acyls were decreased in the cerebellum and striatum but increased in the cortex in schizophrenia microbiota recipient mice. Studies have shown that some fatty acyls can increase synaptic protein levels and the number of c-Fos-positive neurons and thus enhance synaptic plasticity in the hippocampus. [38] [39] [40] Our findings indicate that disturbances of gut microbiota may be associated with the onset of schizophrenia-relevant behaviors via regulation of synaptic plasticity. Consistent with our speculation, synaptic plasticity was significantly reduced in the hippocampus of a neurodevelopmental model of schizophrenia. Moreover, treatment of these rats with fatty acid could effectively alleviate the synaptic plasticity deficits. [41] [42] [43] These diverse changes of fatty acyls in different brain regions suggest that fatty acyls may play a complicated role in the onset of schizophrenia-relevant behaviors through modulating the functions of neural circuits, which requires further investigation. Previously, we found that schizophrenia microbiota recipient mice were characterized by disrupted serum lipid metabolism, including phosphatidylcholine (PC) and phosphatidylethanolamine (PE). 16 Interestingly, similar findings were also observed in the cortex, cerebellum and striatum. PC and PE are the most abundant phospholipids in cell organelles. 44, 45 A previous study reported that the PC and PE levels were decreased in platelet membranes of schizophrenia patients. 46 Moreover, another study observed that PC and PE were significantly altered in the white matter of schizophrenic patients. 47 These previous findings suggest that the alterations in PC and PE may be a common molecular basis of schizophrenia in the peripheral and central compartments.
Our research has the following limitations: (i) based on animal research, we found that alterations in glycerophospholipid and fatty acyl metabolism were implicated in the onset of schizophrenia-relevant behaviors. However, recent meta-analysis of clinical trials showed that supplementation with probiotics may not be effective in the treatment of schizophrenia or depression. 48, 49 Therefore, further studies aimed at identifying key gut species and their modulation of metabolic pathways are required, which may provide effective treatment targets for schizophrenia; (ii) a non-targeted metabolomics study was used to characterize the altered metabolic signatures of three brain regions in schizophrenia microbiota recipient mice. Further studies using gas chromatography-quadrupole time of flight mass spectrometry should be considered due to its high resolution, sensitivity and selectivity. 50 Additionally, targeted lipidomics studies should be used to clarify the detailed metabolic changes.
Conclusion
In this study, using systematic, comparative metabonomic analyses, we observed that dysbiosis of the gut microbiota may participate in the onset of schizophrenia-relevant behaviors by modulating glycerophospholipid and fatty acyl metabolism. Our findings provide novel clues for investigating the pathological mechanisms of schizophrenia.
